Male mouse urine contains a pregnancy-blocking chemosignal that causes pre-implantation pregnancy failure in recently mated female mice. However, females are able to recognize the chemosignal of the male with which they mated, preventing it from aborting his own offspring. The individuality of the pregnancy-blocking chemosignal is influenced by genes of the major histocompatibility complex (MHC), although the chemical nature of the signal remains unclear. Possible candidates include fragments of MHC proteins, the highly polymorphic major urinary proteins (MUPs) and the profile of low-molecular-mass volatiles, which possess male pheromonal activity in other contexts. A recent study has found a high-molecular-mass fraction of male urine containing MUPs to be ineffective in eliciting pregnancy block. Moreover, both the pregnancy-blocking activity and the individuality of the signal were associated with the low-molecular-mass fraction of male urine.
Introduction
Male mouse urine contains a complex mixture of chemosignals that exert powerful effects on the reproductive biology of female mice. Exposure to male urine accelerates puberty in pre-pubertal females [1] , induces oestrus in grouped, anoestrous females [2] and blocks the pregnancy of newly mated females. This pregnancy-blocking effect was first reported by Hilda Bruce in the late 1950s and is frequently referred to as the Bruce effect [3] . Reproduction is normally very efficient in mice with a failure rate of less than 10% typical for females of the Balb/c strain. However, if Balb/c females are exposed to male urine for 2-3 days following mating, the pregnancy failure rate often exceeds 70%. This effectiveness of exposure to male urine to block pregnancy decreases markedly by the fourth day following mating. This is the time of implantation in mice, implying that exposure to male urine exerts its pregnancy-blocking effect by disrupting embryo implantation [4] . duct [6] . Airborne stimuli that are sensed by the main olfactory epithelium cannot gain direct access to the vomeronasal sensory neurons because of their location away from the nasal air stream. Instead, stimulus access to the vomeronasal organ is dependent on a vascular pumping mechanism, which draws mucus into the organ and is activated in novel situations [7] . This ability to take up non-volatile components following direct contact with urine or scent marks distinguishes the vomeronasal system from the main olfactory system, which is concerned primarily with the detection of volatile airborne odorants.
The neuroendocrine pathway by which urinary chemosignals prevent implantation has been characterized in great detail [8, 9] (Figure 1 ). Receptor neurons in the vomeronasal organ project to the accessory olfactory bulb (AOB), which in turn projects, via the amygdala, to the hypothalamus. Stimulation of this pathway by pregnancyblocking chemosignals leads to the release of dopamine from the arcuate nucleus of the hypothalamus, which inhibits prolactin release from the anterior pituitary. As prolactin is luteotrophic in mice, suppression of its release causes regression of the corpora lutea, resulting in a fall in progesterone production and consequent implantation failure. After mating, prolactin release from the pituitary occurs in twice-daily surges, approx. 12 h apart. Therefore the timing of exposure to the male urine is important for its effectiveness in blocking pregnancy. Two 4 h periods of exposure to male urine, or two 5 min periods of electrical stimulation of the AOB, are sufficient to block pregnancy, provided that they are coincident with the prolactin peaks [10, 11] . In contrast, the same amount of exposure or AOB stimulation given between the prolactin peaks is ineffective. 
Individual recognition and the pregnancy-block effect
Perhaps the most interesting aspect of the pregnancy-block effect is that the mating male also produces the pregnancyblocking chemosignal and yet exposure to his urine does not block his mate's pregnancy [12] . This is because the female can distinguish the mating male's chemosignal from those of males to whom she was not exposed at mating (known as strange males) and thereby prevent the abortion of the mating male's own offspring [13] . Learning the identity of the mating male's chemosignal occurs during a sensitive period of approx. 4 h immediately after mating and is obviously vital for reproductive success [14] . In the laboratory situation, with inbred strains of mouse, the strange male has to be of a different strain from the mating male to cause pregnancy failure [12] . Therefore, in addition to the signal of maleness, male urine also conveys information about individuality.
Both the pregnancy-block effect and the ability of the female to recognize the mating male are unaffected by lesions of the main olfactory epithelium and are mediated solely by the vomeronasal system [15] . Indeed, the female's ability to recognize the mating male's pheromones can be explained quite simply as the selective disruption of the transmission of his pheromonal signal at the level of the AOB, preventing it from being transmitted centrally to hypothalamic areas [13, 16] . The ability of the vomeronasal system to detect individuality is not surprising in the light of recent molecular biological advances that have cloned the receptor proteins of the vomeronasal sensory neurons. These are members of the seven transmembrane domain super-family of G-proteincoupled receptors. There are two main classes of vomeronasal receptors, which share little similarity with each other or with the olfactory receptors of the main olfactory epithelium, suggesting that they may respond to different types of ligand. Recent analysis of the mouse genome has revealed that there are around 137 receptors in 12 diverse families of the V1R class of vomeronasal receptor [17] . Furthermore, there are estimated to be around a further 100 receptors in the V2R class [18] . Therefore there is certainly enough receptor space in the vomeronasal system to encode individuality differences in chemosignals among different males.
Nature of pregnancy-blocking chemosignals
A variety of small, volatile molecules are present at high levels in male mouse urine. Many of these depend on testosterone levels for their production and have been associated with male pheromonal effects. For example, a mixture of 2-secbutyl-4,5-dihydrathiazole and 3,4,-dehydro-exo-brevicomin is effective in inducing oestrus in females [19] along with α-and β-farnesenes and 6-hydroxy-6-methyl-3-heptanone. [20] . In contrast with the progress made in identifying these male urinary pheromones, the nature of the pregnancyblocking chemosignal remains obscure. A mixture of 2-secbutyl-4,5-dihydrathiazole and 3,4,-dehydro-exo-brevicomin that induces oestrus in females is not effective in causing pregnancy block [21] , suggesting that different urinary constituents may be involved in signalling maleness in different behavioural contexts.
An important question to be resolved is whether the signals that elicit pregnancy block and convey individuality are mediated by separate molecules or are different aspects of the same molecule. In the first case, the two forms of information would be handled by separate vomeronasal sensory receptors and the signals would have to be integrated at some point in the vomeronasal pathway. Interestingly, the V1R and V2R neurons do project to anatomically and functionally separate sub-regions of the AOB, which then give rise to completely overlapping projections to the amygdala [22] . In the second case, individual variants of the pregnancyblocking chemosignal would stimulate different populations of vomeronasal sensory neurons that would all be linked to the neuroendocrine pathway for pregnancy block. In either case, the individuality signal is most likely to be represented by a mixture of molecules, rather than a single molecule specific to each individual [12] . Although the mixtures from different individuals may have some or all of the molecules in common, their relative proportions might vary and therefore it is the overall profile of the mixture that would be specific to an individual.
Mouse urine contains odour cues that can be used by the main olfactory system to discriminate genetic individuality. Thus mice can be trained to discriminate between the urine odours of congenic mice that differ only at the H2 locus of the major histocompatibility complex (MHC) [23] . These class I MHC molecules are glycoproteins, consisting of two chains, a heavy (45 kDa) and a light chain (12 kDa), and are integrally inserted in the membrane of nearly all cells. They perform a vital role in mounting an immune response to foreign peptides by binding them and presenting them to cells of the immune system. They also instruct the immune system to develop tolerance, by binding peptides from the body's own proteins, and thus play a vital role in discriminating self from non-self at a tissue level. However, the mechanism by which MHC proteins determine the individuality of mouse urine is still unclear [24] . Male mouse urine contains ng/ml amounts of 27 kDa fragments of class I MHC antigens and it has been proposed that the peptide-binding site of these molecules is also capable of binding urinary volatiles and can thereby influence urine odour [25, 26] . Indeed, congenic mice have consistent differences in the profile of urinary volatiles, such as organic acids, which may be carried by MHC fragments [27] . As well as the discriminability of their urine odours, congenic mice that differ from the mating male at only the H2 locus of the MHC are effective in blocking pregnancy [28] . Thus the MHC, which determines individuality at the tissue level, also influences individuality in the behavioural contexts of urine odour discrimination and pregnancy block.
Major urinary proteins (MUPs) provide another source of genetic variation that could signal individuality. In contrast with the low levels of MHC protein fragments, the MUPs are present at concentrations of between 10 and 20 mg/ml and make up 99% of the protein content of male mouse urine [29] . This represents a considerable metabolic loss to the mouse and the MUPs undoubtedly play an important chemosensory role in urine-marking behaviour. The MUPs belong to a multi-gene family, located on chromosome 4, with approx. 30 members [30] . An individual mouse produces a combination of 7-12 different MUPs in their urine and the total urinary pool is highly polymorphic, providing the necessary genetic variation to signal individuality [31] . Indeed the MUP profile differs among inbred mouse strains and among individual mice in the wild [32] .
MUPs have a molecular mass of around 19 kDa and belong to the lipocalin family of ligand-binding proteins, with a β-barrel structure enclosing a ligand-binding domain [33] . They bind volatile constituents of male urine, such as 2-secbutyl-4,5-dihydrathiazole, that mediate male pheromonal effects. The MUPs act as a reservoir for these volatile chemosignals, greatly extending the duration of their release form dried urine marks [34] . Furthermore, they also are likely to play a vital role in transporting low-molecular-mass (LMM) molecules into the mucus-filled vomeronasal organ.
However, given their highly polymorphic nature, the MUPs are unlikely to function solely as a reservoir. They may be involved in signalling individuality either by interacting directly with vomeronasal receptors or by differentially binding ligands and thereby influencing the profile of urinary volatiles. Indeed, artificially produced MUPs without their natural ligands have been shown to have a role in signalling individuality in the context of urine countermarking behaviour in male mice [35] .
Pregnancy-blocking effectiveness is associated with the protein fraction of male urine, although it can be extracted from this fraction using dichloromethane or prolonged dialysis against phosphate buffer [36] . Thus it is probable that volatile hydrophobic ligands, such as those bound to the MUPs, are the factors that mediate pregnancy block. Only the urine from sexually mature males has pregnancyblocking activity, and this activity is lost following castration [37] . Moreover, testosterone injection into castrated males or normal females induces pregnancy-blocking activity [38] . Thus it is unlikely that MHC fragments alone elicit pregnancy block, as such hormonal manipulations would not be expected to affect MHC expression. In contrast, the expression of MUPs is regulated by testosterone, and is therefore consistent with either an intrinsic pregnancy-blocking activity or a role in transporting LMM ligands to their receptors.
A recent investigation (P. Peele, I. Salazar, M. Mimmack, E.B. Keverne and P.A. Brennan, unpublished work) has supported the importance of the LMM urinary constituents in blocking pregnancy (Figure 2 ). HMM and LMM fractions of male urine were prepared by dialysis (12 kDa cut-off), with the ligands being competitively displaced from the high-molecular-mass (HMM) fraction by menadione. The HMM fraction, which contained MUPs, was found to be ineffective in blocking pregnancy. However, the HMM fraction regained full effectiveness after it had been dialysed against male urine to reload it with LMM constituents. Interestingly, the LMM fraction was not as effective as urine in the absence of the HMM constituents. This suggests that although the HMM constituents may not have a direct role in blocking pregnancy, they are important for the effectiveness of the LMM signal, probably by concentrating the LMM constituents and transporting them to the receptors. Furthermore, when the HMM fraction from mating male urine was loaded with LMM constituents from strange male urine, it was significantly more effective at blocking pregnancy than the strange HMM fraction reloaded with the mating male LMM constituents. Thus both the pregnancy blocking effectiveness and the individuality of the chemosignal appear to be more directly associated with the LMM rather than HMM urinary constituents.
Although the pregnancy-block effect has been studied extensively in the laboratory setting, its significance in the behavioural ecology of wild mice is far from clear. The pregnancy-block effect might be advantageous for males by increasing their reproductive success at the expense of competitors. However, it is not clear if such a mechanism would evolve unless it also increased the overall reproductive fitness of females. It has been proposed that strange males will kill unrelated offspring and the pregnancy-block effect could be a means of preventing this infanticide, with consequent savings of maternal investment. However, it is not clear how often exposure to urine from an unfamiliar male would occur in natural contexts during the vulnerable pre-implantation period. Currently, there is a lack of good evidence that the pregnancy-block effect occurs under natural conditions and more needs to be known about the behaviour of mice in the wild before any definite conclusions can be drawn about its ecological significance. There is also still some way to go before the nature of the male pregnancy-blocking chemosignal and its individuality are elucidated. However, it is clear that mouse urine is a complex mixture of compounds, many of which have the potential to signal individuality, and MHC, MUPs and LMM urinary constituents may all play roles in determining chemosensory individuality in the pregnancy-block effect.
